The pathogenicity of avian H5N1 influenza viruses to mammals has been evolving since the mid-1980s. Here, we demonstrate that H5N1 influenza viruses, isolated from apparently healthy domestic ducks in mainland China from 1999 through 2002, were becoming progressively more pathogenic for mammals, and we present a hypothesis explaining the mechanism of this evolutionary direction. Twenty-one viruses isolated from apparently healthy ducks in southern China from 1999 through 2002 were confirmed to be H5N1 subtype influenza A viruses. These isolates are antigenically similar to A͞Goose͞Guangdong͞1͞96 (H5N1) virus, which was the source of the 1997 Hong Kong ''bird flu'' hemagglutinin gene, and all are highly pathogenic in chickens. The viruses form four pathotypes on the basis of their replication and lethality in mice. There is a clear temporal pattern in the progressively increasing pathogenicity of these isolates in the mammalian model. Five of six H5N1 isolates tested replicated in inoculated ducks and were shed from trachea or cloaca, but none caused disease signs or death. Phylogenetic analysis of the full genome indicated that most of the viruses are reassortants containing the A͞Goose͞Guangdong͞1͞ 96-like hemagglutinin gene and the other genes from unknown Eurasian avian influenza viruses. This study is a characterization of the H5N1 avian influenza viruses recently circulating in ducks in mainland China. Our findings suggest that immediate action is needed to prevent the transmission of highly pathogenic avian influenza viruses from the apparently healthy ducks into chickens or mammalian hosts.
A vian influenza viruses are zoonotic agents recognized as a continuing threat to both veterinary and human public health. During the past 6 years, infection of humans with avian influenza viruses of three subtypes (H5, H7, and H9) has been detected on multiple occasions (1, 2) . In 1997, H5N1 avian influenza viruses transmitted from birds to humans in Hong Kong caused the deaths of 6 of 18 infected persons (3, 4) . The virus was eradicated by the slaughter of all poultry in Hong Kong, but new genotypes of H5N1 virus continued to emerge in poultry in Hong Kong in 2000 and 2001 (5, 6) , and in 2003, antigenically and biologically novel H5N1 influenza virus killed one of two infected humans (7) .
Subtype-H9N2 avian influenza virus was isolated from two sick children in Hong Kong in 1999 (8) and from six patients in mainland China (9) ; all recovered from the infection. The H9N2 variant isolated from humans on the mainland also was isolated from pigs in southern China in 1999 (10, 11) , but there was no serologic evidence that a stable virus lineage had become established in pigs or humans. The H9N2 viruses have continued to circulate in poultry throughout Europe and Asia, and are now considered to be enzootic throughout the entire region.
The H7N7 avian influenza virus that caused highly pathogenic avian influenza on 225 poultry farms in Holland in 2003 was associated with conjunctivitis in 347 humans (12) . Infection with H7N7 influenza virus was confirmed in 87 of these cases; one person, a veterinarian, died of the infection. There was also human-to-human transmission of the virus and serologic evidence of H7N7 infection of pigs (13) . This outbreak was controlled by culling and quarantine of infected poultry; to prevent the emergence and spread of human-avian virus reassortants, the poultry workers were given human influenza vaccine and antineuraminidase drugs.
The transmission of H5N1 ''bird flu'' to humans in 1997 first established the ability of avian influenza viruses to be transmitted to humans despite their preferential binding to avian sialic acid receptors (i.e., those with a terminal ␣2,3Gal linkage) (14) . Before 1997, there had been isolated reports of human infection with H7N7 influenza virus (usually causing conjunctivitis) (12), but there was no convincing evidence of repeated transmission of avian viruses to humans. How did avian influenza viruses come to acquire a progressively greater capacity to infect mammals? Here, we characterize a series of 21 H5N1 influenza viruses isolated from apparently healthy domestic ducks in coastal provinces and cities of southern China from 1999 through 2002. These isolates were highly lethal to chickens and demonstrated the progressive acquisition of pathogenicity to mice (a mammalian host). They were genomically heterogenous, having acquired multiple gene segments and deletions in their nonstructural (NS) and neuraminidase (NA) genes. We propose a hypothetical mechanism to explain the selection of H5N1 viruses with increasing pathogenicity to mice.
Materials and Methods
Virus Isolation and Identification. After A͞Goose͞Guangdong͞1͞96 (H5N1)(GSGD͞1͞96) virus was identified as an important precursor of the Hong Kong 1997 (HK͞97) avian influenza virus, routine influenza virus surveillance of apparently healthy poultry was started in the coastal Chinese towns and provinces of Guangdong, Guangxi, Fujian, Zhejiang, and Shanghai. Cloacal samples were obtained from apparently healthy ducks on farms. Viruses were isolated in embryonated chicken eggs as described in ref. 15 . A total of 21 H5N1 viruses were identified by hemagglutination inhibition (HI) and neuraminidase inhibition tests with a panel of antisera provided by Office International Des Épizooties Reference Laboratory (Veterinary Laboratory Agency, Surrey, U.K.). Each virus was biologically cloned by three rounds of limiting dilution in embryonated specific-pathogen-free eggs. All experiments with the H5N1 isolates were performed in a biosafety-level 3 laboratory facility, and animal experiments were performed in high-efficiency particulate air-filtered (HEPA-filtered) isolators.
Abbreviations: DK, duck; eID50, egg 50% infective dose; FJ, Fujian; GD, Guangdong; GS, goose; GX, Guangxi; HA, hemagglutinin; HK, Hong Kong; IVPI, i.v. pathogenicity index; MDT, mean time to death; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; SH, Shanghai; ZJ, Zhejiang; i.n., intranasally.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AY585357-AY585524).
Animal Experiments. Chickens. To determine the pathogenicity of the virus isolates, the i.v. pathogenicity index (IVPI) was tested according to the recommendation of the Office International Des Épizooties. Groups of 10, specific-pathogen-free 6-week-old White Leghorn chickens housed in isolator cages were inoculated i.v. with 0.2 ml of a 1:10 dilution of bacteria-free allantoic fluid containing virus (virus titers are shown in Table 1 ). Ten additional chickens were inoculated intranasally (i.n.) with 10 6 egg 50% infective dose (eID 50 ) of each virus in a 0.1-ml volume; on day 3, three birds in each group were killed, and virus was titrated in samples of lung, bursa, kidney, thymus, thyroid gland, brain, heart, pancreas, muscular stomach, spleen, and trachea. Similar tests were performed on birds that had died. These tissues also were studied histopathologically; they were fixed in 10% neutral buffered formalin solution, sectioned, and stained with hematoxylin and eosin. Unfixed samples were titrated for virus infectivity in embryonated eggs. Mice. Groups of eight 6-to 8-week-old female BALB͞c mice (Beijing Experimental Animal Center, Beijing) were lightly anesthetized with CO 2 and inoculated i.n. with 10 6.0 eID 50 of H5N1 influenza virus in a volume of 50 l. Control mice were inoculated with PBS. On day 3, three of the eight mice were killed for virus titration of the lungs, kidneys, spleen, and brain. The remaining five mice were monitored daily for weight loss and mortality. The mouse 50% minimal lethal dose (MLD 50 ) was determined for viruses that caused lethal infection of mice by i.n. inoculation of groups of five mice. The MLD 50 was calculated by the method of Reed and Muench (16) . Ducks. Groups of five 3-week-old ducks (a local outbred strain of sheldrake) were inoculated i.n. with 10 7.85 to 10 8.5 eID 50 of influenza virus in 0.1 ml. One day later, three contact ducks were introduced into each group. Ducks were observed daily for 10 days for signs of disease. Oropharyngeal and cloacal swab specimens were collected from all ducks 3 and 5 days after inoculation for titration of virus in eggs.
Genetic and Phylogenic Analysis. Viral RNA was extracted from allantoic fluid by using the RNeasy Mini Kit (Qiagen, Valencia, CA) and was reverse-transcribed. PCR amplification was performed by using fragment-specific primers (primer sequences available on request). The PCR products were purified with the QIAquick PCR purification kit (Qiagen) and sequenced by using the CEQ DTCS-Quick Start Kit on a CEQ 8000 DNA sequencer (Beckman Coulter). Sequence data were compiled with the SEQMAN program (DNASTAR, Madison, WI), and the nucleotide sequences were compared and the phylogenetic trees were generated with the MEGALIGN program (DNASTAR) by using the Clustal alignment algorithm.
Nucleotide Sequence Accession Numbers. The nucleotide sequences obtained in this study are available from GenBank (accession nos. AY585357-AY585524).
Results
Antigenic Analysis. HI and neuraminidase inhibition tests with reference antisera showed each of the viruses to be of the H5N1 subtype. The viruses had a similar pattern of HI and neuraminidase inhibition reactivity that indicated they were most closely related to GSGD͞1͞96 (results not shown). The 21 H5N1 viruses isolated from 1999 through 2002 showed no evidence of antigenic drift; i.e., their heterologous HI titers were Ͻ4-fold lower than the homologous HI titers (data not shown).
Studies in Chickens.
We used the IVPI and the criteria recommended by the Office International Des Épizooties to assay the pathogenicity of the virus isolates in chickens. All of the isolates were pathogenic by these criteria (IVPI Ͼ1.2) ( Table 1) . However, one (Table 1 ) of the earlier isolates (DKGX͞07͞99) killed only half of the i.v. inoculated chickens, and the mean time to death (MDT) of two of the early isolates was 8 days after i.n. inoculation. The year 2000 H5N1 isolates showed some diversity in MDT (3.3 to Ͼ8.7) after i.n. inoculation, whereas 2001 and 2002 isolates had an MDT between 1.7 and 4 after i.n. inoculation (the only exception is that DKGX͞53͞02 had an MDT Ͼ6.5). There was an upward trend in the IVPI over time. In the seven 1999 and 2000 isolates, the IVPI was 1.2-3.0, whereas in 13 of the 14 viruses isolated in 2001 and 2002, the IVPI was 2.9-3.0. The exception was DKGX͞53͞02, whose IVPI (2.1) and MDT (Ͼ6.5 days) values indicated much lower pathogenicity.
All chickens that died on day 2 or 3 after inoculation had lesions indicating systemic replication of virus. These comprised moderate necrosis of brain tissues, severe histiocytic interstitial pneumonia with edema, severe necrosis of the pancreas, mild necrosis of the *Three chickens were killed on day 3 postinoculation. spleen, mild to moderate nephrosis, and mild to severe necrosis of the bursa. Only DKGX͞07͞99 indicated nonsystemic replication (only the lungs were involved).
Studies in Mice.
Most highly pathogenic avian influenza viruses of the Eurasian clade isolated since 1997 are able to replicate in mammals (4, 5, 15) . Before testing their pathogenicity in mice, we biologically cloned each isolate by three limiting dilution cycles in specific-pathogen-free embryonated chicken embryos. No blind passage in mice was attempted. Our data were obtained from a single i.n. passage in mice.
On the basis of their ability to replicate and cause weight loss and death (Table 2 and Fig. 1 ), the H5N1 isolates were divided into four groups. When the virus could not be detected from any organs of the mice 3 days after inoculation with 10 6 eID 50 and no weight loss and death of the mice were observed, the virus will be regarded as nonpathogenic in mice. The viruses that could replicate in mice were further divided into low (MLD 50 Ͼ 6.5 log 10 eID 50 ), medium (3 log 10 eID 50 Ͻ MLD 50 Յ 6.5 log 10 eID 50 ), or high (MLD 50 Յ 3 log 10 eID 50 ) pathogenicity groups on the basis of their lethality in mice. The nonpathogenic group comprised seven viruses (including GSGD͞1͞96) that did not replicate in the mice and caused no weight loss; only one virus (DKGX͞22͞01) induced seroconversion. The low-pathogenicity group contained four viruses that replicated to modest titers only in the lungs; all of these mice seroconverted by day 14 after inoculation. A high dose of these viruses (Ͼ10 6.5 eID 50 ) was required to kill the mice. All seven viruses in the medium-pathogenicity group replicated in the lungs of mice; low levels of two viruses were detected in the spleen, and one isolate (DKSH͞8͞01) was detected at very low levels in the brain. All of these viruses caused lethal infection in mice; but high doses of virus (10 4 to 10 6 eID 50 ) were required, and the MLD 50 ranged from 4.7 to 6.4 log 10 eID 50 . The four highly pathogenic viruses replicated to high titers in the lungs of mice, and virus was detected in spleen, kidney, and brain, indicating systemic infection. The MLD 50 of viruses in this group was Ͻ2.3 log 10 eID 50 . 
High H *Six-week-old BALB͞c mice were infected i.n. with 10 6 eID50 of each virus in a 50-l volume. Organs were collected on day 3 postinoculation, and clarified homogenates were titrated for virus infectivity in eggs at initial dilutions of 1:10 (lung), 1:2 (other tissues), or undiluted if negative at the lowest dilution. ϩ and Ϫ, virus was detected or not detected, respectively, in the undiluted samples. † Sera were collected on day 14 postinoculation, and seroconversion was tested by agar gel precipitation and HI tests. ND, all mice in the indicated group died before day 14. ‡ Pathotypes were determined on the basis of replication and lethality in mice, as described in Materials and Methods. Non, nonpathogenic; Low, low pathogenicity; Middle, medium pathogenicity; High, high pathogenicity. § Genotypes were determined on the basis of the diversity of the PBI, PA, NP, M, and NS nucleotide sequences, as described in Fig. 3 . 
Three-week-old sheldrake ducks were studied; no deaths or disease signs were observed in the infected ducks. ND, no detectable virus.
We observed an increasing level of pathogenicity to mice with the progression of time: viruses isolated in 1999 and 2000 were less pathogenic to mice than those isolated in 2001 and 2002, although one isolate from 2000 (DKGD͞40͞00) was in the mediumpathogenicity group and one isolate from 2002 (DKGX͞53͞02) indicated low pathogenicity.
Studies in Ducks.
Wild ducks are the natural hosts of avian influenza viruses. Avian influenza viruses of all subtypes are isolated from wild ducks worldwide, and none of the isolates, including the highly pathogenic H5 and H7 strains, were historically found to cause disease signs or death in ducks (17) . Surprisingly, H5N1 viruses isolated from wild waterfowl in Hong Kong in November 2002 caused severe neurological disease and killed ducks in both the field and laboratory (7). We inoculated groups of five ducks with six H5N1 isolates representative of those analyzed in this study, including three viruses from the subgroup highly pathogenic in mice ( Table 3) . Five of the six H5N1 isolates replicated in the ducks; they Table 1 lists the name of the viruses; sequences of the underlined viruses were obtained from GenBank.
were shed from trachea or cloaca at levels of 2.0-4.3 log 10 eID 50 ͞ml. The viruses were not transmitted to contact birds in the isolators, and none of the viruses caused disease signs or death in the ducks.
Molecular and Phylogenetic Analysis. To determine the molecular basis of our observations, the entire genome of each of the 21 isolates was sequenced. The sequences were compared with representative H5N1sequences obtained from GenBank, including those of GSGD͞1͞96, and human isolates from Hong Kong in 1997 HK͞156͞97, HK͞483͞97, and HK͞486͞97. The hemagglutinin (HA) and NA sequences of A͞duck͞Anyang͞av-1͞01 (H5N1)(DK͞AY͞01), isolated from duck meat exported to South Korea from China, was included in the phylogenetic analysis.
The HA genes of our 21 H5N1 isolates shared 97.4-98.9% nucleotide homology with the HA gene of GSGD͞1͞96 and 96.7-98% homology with the HK͞97 isolates. All 21 isolates had a series of basic amino acids at the cleavage site of the HA (-RRKKR-) that is characteristic of influenza viruses that are highly pathogenic in chickens. Phylogenic analysis of the HA genes (Fig.  2a ) revealed DKGX͞07͞99 to be on a separate branch from the remainder of the isolates. Four year 2000 duck isolates, together with GSGD͞1͞96 and the HK͞97 isolates, formed one fork in the phylogenetic tree. Most of the 2001 isolates formed a separate branch from the 2002 isolates, and the virus isolated from duck meat in South Korea (DKAY͞01) was at the base of the 2002 isolates.
The NA genes of the H5N1 duck isolates were more closely related to those of GSGD͞1͞96 (96.4-98.3% homology) than to those of the HK͞97 isolates (89.5-92% homology). Phylogenetic analysis revealed that the HK͞97 NAs form a branch separate from that of the NAs in our duck isolates (Fig. 2b) . The NAs of the duck isolates were divided into two forks, with DKGX͞07͞99 at the base of fork B1 and GSGD͞1͞96 at the base of fork B2. Each of these forks contain viruses isolated from 2000 to 2002. DK͞AY͞01 is in the fork derived from GSGD͞1͞96. Analysis of the deduced amino acid sequence revealed that all of the viruses in the fork derived from GSGD͞1͞96 have a 20-aa deletion in the NA stalk (residues 49-68), whereas GSGD͞1͞96 itself does not. This NA stalk deletion is distinct from, but overlaps with, the 19-aa deletion found in the HK͞97 viruses isolated from humans (residues 54-72). There were no deletions in the NAs of viruses in the fork derived from DKGX͞07͞99.
The phylogenetic trees of the PB2, PB1, and PA genes of the 22 H5N1 viruses are very similar (Fig. 2 c-e) . The human HK͞97 isolates form a separate branch, whereas the duck isolates and GSGD͞1͞96 are divided into two main forks in which the earlier isolates are predominantly in one branch. In the phylogenetic tree of PB2, the genes of the two forks in the B branch share very high homology and belong to one lineage. On the other hand, the B1 and B2 forks of the PB1and PA genes share 90-93% homology and can be considered different lineages. The nucleoprotein (NP) phylogenetic tree (Fig. 2f ) was different; the NP genes of three of the duck isolates (DKSH͞35͞02, DKSH͞38͞01, and DKGX͞50͞01) formed a separate branch, whereas the human HK͞97 NP formed a fork and the other H5N1 isolates formed multiple sister forks that did not correspond to time or geographical area. The phylogenetic tree of the M (matrix) gene (Fig. 2g) was quite similar to the trees of the polymerase genes, but the M genes of DKFJ͞19͞00 and DKGD͞40͞00 were located on different forks in the B branch.
The NS genes of the duck viruses were separated into two alleles (Fig. 2h) . Four duck viruses and GSGD͞1͞96 were included in the A allele, whereas the remainder, including the human HK͞97 viruses, were in the B allele, which was further divided into two branches. The deduced NS amino acid sequence of all viruses in the B1 fork of branch B in the B allele had a 15-nt deletion resulting in a 5-aa deletion in the NS protein (position 80-84).
On the basis of genomic diversity, the viruses formed nine genotypes, whose evolution and relationships are shown in Fig. 3 .
It is noteworthy that the same PB2, HA, and NA genes are found in different genotypes. There are no strong links between the genotype and the pathotype of these viruses in mice; however, there is a clear temporal pattern in the progressively increasing pathogenicity of the viruses within the same genotypes, especially the genotype A and D viruses. DKSH͞38͞01 and DKSH͞35͞02 are in the same genotype (F), but DKSH͞35͞02 is 10 3 -fold more lethal than DKSH͞38͞01 in mice. The virulence difference of the two viruses within the genotype H and I groups are Ͼ10 5 ϫ and Ͼ10 6 ϫ, respectively. These results suggested that the individual mutations, rather than the genome constellation, may have determined their pathogenic potential.
Discussion
This study describes previously uncharacterized H5N1 influenza viruses isolated from ducks in mainland China since GSGD͞ 1͞96 (H5N1) was reported (18, 19) . Our findings demonstrate that highly pathogenic H5N1 influenza viruses were isolated from apparently healthy ducks in the coastal provinces of China (between Guangdong and Shanghai) from 1999 through 2002. These H5N1 isolates reacted similarly to antisera and had phylogenetically homogeneous HA genes. All but one of these viruses caused lethal, widespread systemic infection in chickens, and all possessed a series of basic amino acids at the HA cleavage site that is associated with high pathogenicity.
Our findings establish that the H5N1 influenza viruses circulating in domestic ducks in China from 1999 through 2002 acquired the ability to replicate in mice and cause systemic infection and death without adaptation. Several investigators have reported that the H5N1 influenza viruses isolated from humans are lethal to mice (20) (21) (22) (23) (24) (25) . Numerous factors are reportedly associated with H5N1 pathogenicity. Reverse genetics studies have shown that residue 627 of the PB2 protein is crucial to H5N1 pathogenicity in mice, as are a series of basic amino acids at the HA cleavage site (26) . Other studies implicate the NS gene and its ability to modulate the cytokine response (27, 28) . Reverse genetics studies have found that residue 92 of the NS1 molecule of the human isolate A͞HK͞156͞97 (H5N1) is associated with the induction of severe pathology in pigs (27) . However, all of the H5N1 duck viruses have conserved amino residues of Glu-627 in PB2 and Asp-92 in NS1, and they contain common avian HA1 residues Gln-226 and Gly-228 (H3 numbers) in the receptor-binding site. Therefore, these residues may not contribute to the difference of replication and virulence of the H5N1 duck viruses in mice. Important remaining questions are when and how H5N1 viruses acquired the ability to replicate in mammals.
Our results demonstrate that while circulating in domestic ducks, H5N1 viruses gradually acquired the characteristics that make them lethal in mice. One possible explanation for this finding is the transmission of duck H5N1 viruses to humans, the selective evolution of the viruses in humans, and their subsequent transmission back to ducks. There is limited serological evidence of H5N1 infection of humans and limited evidence of human-to-human transmission of H5N1 viruses (29) . The available evidence suggests that since 1997, H5N1 viruses in Asia have caused limited severe or lethal human infection (3, 4) but have not been transmitted from human to human. The transmission of the viruses from humans back to ducks is difficult to envision, despite evidence that H9N2 avian influenza viruses have been transmitted from ducks to other poultry and then back to ducks (30) .
The molecular basis of the transmissibility of avian influenza viruses to mammals is not resolved. It certainly involves multiple viral genes, including HA. Some avian gene constellations have been proposed to promote transmission to mammals. The H3N2 influenza viruses that emerged in pigs in the United States in 1997 were triple reassortants that contained gene segments from human, swine, and avian influenza viruses (31) . These H3N2 triplereassortant viruses were highly transmissible among swine and have become widespread in the United States (32) . Similarly, the H1N1 swine influenza viruses that are currently widespread in Europe contain avian influenza virus genes that they acquired in 1979. Thus, avian influenza virus genes, when they are a part of certain gene constellations, seem able to promote transmission among mammalian species. The evolution of different genotypes of H5N1 viruses in ducks may have provided the constellation of genes that allow mammalian transmission.
An alternative possibility is involvement of the pig (the postulated intermediate host) in selection. In the region of China where the H5N1 viruses characterized in this study were isolated, pigs and ducks are housed in close proximity, especially in farming villages, where families typically own a small number of pigs and ducks. Our working hypothesis is that H5N1 viruses have gradually acquired the ability to replicate in mammals by means of selection pressure created by possible transmission between pigs and ducks. To date, there are no reports of the isolation of H5N1 viruses from pigs, although pigs have been experimentally infected with H5N1 viruses (33) . We have recently obtained preliminary virological and serological evidence of H5N1 virus infection of pigs in Fujian province.
The fact that one of the H5N1 viruses studied here failed to infect inoculated ducks is inconsistent with our hypothesis, as is the absence of transmission to contact ducks. However, laboratory experiments cannot mimic field conditions, which may include stress and coinfection with multiple bacterial and viral agents. Furthermore, the spread of virus to contact ducks is limited in isolator units, where the feces of infected animals fall through screens into pans and the forced-air supply is HEPA-filtered. However, we can conclude from our findings that the H5N1 viruses isolated from ducks in 2002 in this study are not highly lethal to ducks, as were the H5N1 viruses isolated from wild aquatic birds in Hong Kong in November 2002 (7) .
The isolation of chicken-lethal H5N1 viruses from apparently healthy ducks explains the presence of H5N1 virus in duck meat exported to Japan and South Korea (34) . However, the detailed genotype analysis of our 21 isolates indicates that the H5N1 viruses circulating in ducks in mainland China in 1999-2002 differed from the H5N1 viruses in Hong Kong live bird markets reported by Guan et al. (6) . The relationship of these duck H5N1 viruses to the H5N1 viruses isolated in China in 2004 remains to be determined.
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